A filter paper was functionalized with β-cyclodextrin and citric acid via esterification reaction for the removal of dyes and Cu ions from aqueous solutions. The adsorption capacity and removal performance of the modified filter paper (MFP) was investigated using static and dynamic adsorption experiments. The static adsorption data fit well the Langmuir and pseudo-second-order models, and the adsorption capacity of Methylene Blue (MB), Brilliant Green (BG), Rhodamine-B (RB) and Cu(II) over the MFP were 124.6 mg/g, 130.4 mg/g, 99.7 mg/g and 39.1 mg/g, respectively, which are much higher than the unmodified filter paper (below 2 mg/g). Even better, the decolorization performance and Cu(II) removal of MFP are remarkable in dynamic adsorption. The effluent can reach the National Standard for dyeing and finishing of textile industry of China after three cycles in a continuous filtration-adsorption system. This method provides a new pathway to achieve high efficiency removal of dyes and metal ions from wastewater.
INTRODUCTION
As is known to all, the textile industry produces a large quantity of wastewater (Hernandez-Montoya et al. ; Albadarin et al. ) . However, it's difficult to remove the different types of pollutants by one treatment procedure due to the non-degradability of the heavy metal ions and the high concentration of the dyes. Thus, developing a simple, low-cost technique for wastewater with coexisting pollutants of dyes and heavy metal ions is urgently needed in the field of wastewater treatment.
The ring molecule of β-cyclodextrin (β-CD) is composed of seven glucose units connected by glycosidic bond and it has a special cavity with a hydrophobic internal surface and hydrophilic external surface. β-CD can serve as an efficient component of adsorbent to promote removal of complex contaminants from wastewater. The adsorption of dye pollutants, such as Methylene Blue (MB) and Brilliant Green (BG) by the cavities of β-CD has been investigated by some researchers (Zhao et al. ; Yang et al. ; Debnath et al. ; Massaro et al. ) . The CDs were widely used to selectively capture the well-sized molecules by forming the host-guest inclusion via the special cavity.
Due to the solubility of the CDs, immobilization and cross-linking modification was necessary for their further application as an adsorbent. Citric acid (CA), a polycarboxylic acid with carboxylic groups, has attracted much attention as a prominent crosslinking agent because of its low cost and non-toxicity (Zhou et al. ) . It could react with the hydroxyl groups on β-CD through the esterification reaction (Ghorpade et al. ) , and provide an additional reactive carboxyl group to adsorb pollutants (Zhao et al. ; Huang et al. ) . However, from the perspective of convenient application, there are still some shortcomings to be solved (Yang et al. ; Zhang et al. ; Zhou et al. ; Lin et al. ) . Although these particle sorbents have abundant groups, not every group can be applied to absorb pollutants (Huang et al. ) . Moreover, if the adsorbent was made into powder form, it may be difficult to recycle and even cause secondary pollution. Therefore, it is urgent to find a way to improve the efficiency of the adsorbent.
The cellulose membrane with rich hydroxyl groups combined with adsorption and membrane separation is one of the most popular membranes in water treatment (Pendergast & Hoek ) . The use of carboxyl groups on organic acids to immobilize to the cellulose by esterification is considered feasible (Kayaci et al. ) . Filter paper, a typical cellulose membrane, was usually chosen to be the conventional filter material due to its low cost. After modification, the functional groups on the surface of the filter paper could greatly improve the adsorption efficiency of the material. In order to enhance its adsorption performance, the modification processes were generally complex (Li et al. ; Qian et al. ) . These modification methods always require tedious steps, a variety of agents (Qian et al. ) or high temperature and high pressure (Li et al. ) . The complicated modification process of materials made it difficult to be used in industry. Considering better practical application, so as to retain low price and greenness, CD and CA are one of the best choices because of their low cost, rich functional groups and simple modification.
In order to explore the advantage of the combination of adsorption and membrane separation, filter paper was chosen to be the substrate. In this study, the feasibility of filter paper modified with CA and β-CD as a kind of adsorptive membrane for removal of dyes and heavy metals were studied. Three cationic dyes and Cu(II) were chosen as model pollutants to investigate the adsorption property of the modified filter paper (MFP). Moreover, a system is designed to apply MFP to the treatment of wastewater and the effluent was compared with Discharge standards of water pollutants for dyeing and finishing of textile industry of China (GB-).
MATERIALS AND METHODS

Chemicals and materials
All reagents were purchased from Sinopharm Chemical Reagent Co., Ltd (China), and were used without further purification. All chemicals used in this study were of analytical grade including anhydrous citric acid (CA), potassium dihydrogen phosphate, β-cyclodextrin (β-CD), copper nitrate, MB, BG, and RB. The filter paper was medium speed quantitative filter paper with a diameter of 90 mm and purchased from Hangzhou Shuangquan Filter Paper Co. Ltd. The chemical properties of dyes are presented in Table 1 .
Synthesis of CA-CD
2.108 g of β-CD, 0.892 g of CA, and 0.5 g of potassium dihydrogen phosphate were dissolved into 45 mL of deionized water, with ultrasonic shaking to obtain a homogeneous solution. Then the beaker was heated at 140 C for 3.5 hours by the drying oven. After cooling down to 25 C, the granular adsorbent was rinsed with 2,000 mL water, stirring for 30 minutes, then dried at 40 C for 8 hours (Huang et al. ) . CA-CD, the same material impregnated on the MFP, was used as an adsorbent for comparison.
Preparation of modified filter paper 1.054 g of β-CD, 0.446 g of CA, and 0.25 g of potassium dihydrogen phosphate were dissolved into 15 mL deionized water, with ultrasonic shaking to obtain a homogeneous solution. The 0.7 ± 0.05 g of filter paper was then soaked in the solution for 5 minutes. Then the filter paper was put in a petri dish and heated at 140 C for 3.5 hours in a drying oven. After cooling down to 25 C, the filter paper was rinsed with 500 mL deionized water for 10 minutes to remove residual agent, then dried in the oven at 40 C for another 8 hours. The material obtained is stable in quality.
Batch adsorption experiments
Isotherm studies
In the batch experiments, the initial concentrations ranged from 10 to 300 mg/L for Cu(II), from 50 to 500 mg/L for MB, BG and RB, respectively. 0.1 g of CA-CD, unmodified filter paper (UFP) and MFP was added into 100 mL of solutions in the conical flasks at various concentrations, respectively. In addition, 0.03 g of CA-CD and 0.07 g UFP were also added into 100 mL of solutions in the conical flasks at various concentrations in order to compare the adsorption capacity of the particle sorbent with substrate membrane and MFP at the same mass ratio. After shaking with a shaking bed for 24 h at 25 C, the final concentrations of dyes and Cu(II) were measured. Maximum theoretical adsorption capacities of CA-CD and MFP for MB, BG, RB and Cu(II) were analyzed with an adsorption isotherm study at 25 C. The experiment in this study was repeated three times.
Kinetic studies of MFP
In the kinetic experiments, 0.1 g filter paper was smashed into 32 pieces and immersed in 100 mL of 100 mg/L Cu(II), MB, BG and RB solutions in beakers, respectively. The samples were taken at different time intervals at 0, 3, 5, 10, 20, 30, 60, 90, and 120 min. The experiment in this study was repeated three times.
Flow-through adsorption experiments
Breakthrough curve
Flow-through experiments were performed in triangle funnels with the filter paper at a constant flow rate of 20 mL/min, and 100 mg/L Cu(II), MB, BG and RB solutions were used, respectively. Water samples were taken from the sampling port at the end of the funnel and measured every 5 minutes until reaching a stable pollutant concentration of effluent water. The experiment in this study was repeated three times.
Filtration-adsorption experiment
Filtration-adsorption experiments were performed in triangle funnels with the filter paper to treat quantitative wastewater. At first, the comparison between UFP and MFP was studied. Then, three MFP were used in series and the pollutant solution flowed through the continuous filtration-adsorption system by peristaltic pumps. The 250 mL of 100 mg/L MB, BG, RB and 10 mg/L Cu(II) solutions flowed through the funnels at a constant flow rate of 20 mL/min, respectively. The samples were collected at every sampling port in the system. The experiment in this study was repeated three times.
Analytical methods
The quantification of MB, BG and RB was performed by ultraviolet spectrophotometer (UNIC UV-2802) at a wavelength of 665, 625 and 544 nm, respectively. The quantification of Cu(II) was performed by atomic absorption spectrometer (Analytikjena ZEEnit 650P). Each adsorption experiment in this study was repeated three times. Each sample from the experiment was performed three times.
All adsorption experiments were carried out in triplicates and the averages were reported. The chroma was measured by standard methods, referring to the Chinese National Standard of Water and wastewater monitoring and analysis methods (Wu et al. ) . The sample solution was diluted until the absorbance of the sample was the same as deionized water under the same wavelength. The multiple of dilution was considered as chroma.
Characterization
The functional groups of the MFP were identified and whether the CA and β-CD was grafted onto filter paper as designed was estimated by Nicolet Nexus 6700 Fourier transform infrared (FT-IR) spectroscopy. Scanning electron microscopy (SEM) type Hitachi SU-1510 was employed to perform the observations of the prepared filter paper in order to describe the surface structure of the filter paper.
The amount of carboxyl groups on MFP was measured with the back-titration method (Zhao et al. ) . 0.1 g of MFP was weighed and then put into 200 mL of 0.1 M HCl for 2 h. Then the material was filtered out, washed with deionized water and put in the oven to dry for 8 hours at 50 C. The material was weighed and put into 100 mL of 0.01 M NaOH solution for 2 h with stirring. The material was filtered out and the rest of the NaOH in the solution was titrated by a 0.01 M HCl solution to reach the neutral point indicated by phenolphthalein.
The amount of carboxylic acid groups (Q COOH , mmol/g) on MFP was calculated by
where C NaOH and C HCl (mol/L) are the concentration of NaOH and HCl, respectively; V NaOH and V HCl are the volume (mL) of the used NaOH and the used HCl in the titration, respectively; and m (g) is the weight of the MFP. Through the back-titration method, the amount of COOH groups on MFP was 3.357 mmol/g. The grafting percentage was calculated by G:P:
where W 1 and W 2 (g) are the weight of UFP and MFP, respectively; W 1 ' (g) is original weight of the CA and β-CD in the solution; W 2 ' (g) is the rest weight of the CA and β-CD in the solution.
RESULTS AND DISCUSSION
Characterizations
The synthesis process of the MFP is illustrated in Figure 1 . UFP composed of cotton cellulose is rich in hydroxyl groups. CA, as the crosslinking agent, could immobilize β-CD onto the UFP through esterification. Moreover, CA also provides carboxyl groups as adsorptive functional groups. With the cavity of β-CD and the carboxyl groups of CA, MFP based on filter paper was successfully synthesized. The obtained material was stable in quality, and when compared with UFP, MFP exhibited better mechanical strength. SEM images of UFP and MFP are presented in Figure 2 . In comparison with UFP shown in Figure 2(a) , the structure of the filter paper exhibited no change after the modification with CA and β-CD, which reveals that the MFP (Figure 2(c) ) retained the basic properties of filter paper. The higher-magnification SEM images of UFP (Figure 2(b) ) and MFP (Figure 2(d) ) clearly suggested that the surface of the MFP was relatively rougher than that of UFP, indicating that the CA and β-CD were successfully modified on the MFP. The modification with CA and β-CD increased the specific surface area of the material so as to enhance the adsorption capacity of the pollutants.
The FT-IR spectra of UFP and MFP are shown in Figure 3 . Compared with UFP, the two new obvious vibration peaks that appeared at 1,750 and 1,652 cm À1 for MFP were attributed to C ¼ O stretching vibration of carboxyl/ester groups and the bending vibration of -OH, respectively. The vibration peaks at 1,750 cm À1 indicated that the carboxylic acid of CA reacted with the hydroxyl groups of cellulose successfully and interacted with UFP by the ester bonds (Zhao et al. ) . The absorption bands at 1,652 cm À1 suggested that more hydroxyl groups were on the MFP than the UFP, indicating that β-CDs were grafted on the MFP successfully (Huang et al. ) . The grafting percentage was calculated to be 92.94%. Nearly all CA and β-CD were grafted on the MFP. The high grafting percentage and the amount of carboxylic acid groups proved the MFP can provide enough binding sites for pollutants and efficiently utilizes β-CD and CA.
Isotherm studies
The adsorption capacity of four pollutants on CA-CD, UFP, 70% UFP þ 30% CA-CD and MFP are presented in Figure 4 . The experimental data were fitted by three different isotherms, namely Langmuir, Freundlich and Sips models (Foo & Hameed ) .
where C e (mg/L) is the equilibrium concentration of Cu(II), MB, BG, or RB, q m (mg/g) is the amount of adsorbate in the CA-CD, UFP, 70% UFP þ 30% CA-CD or MFP at equilibrium, and K L (L/mg) is the energy constant.
where K f (L/mg) is the energy constant, and n r is the adsorption intensity.
where K s (L/mg) is the Sips isotherm model constant, and n s is the Sips isotherm model exponent.
The isotherm parameters obtained from these three models are given in Table 2 . With the correlation coefficient R 2 in Table 2 as well as the adsorption behavior, the Langmuir model was considered as the most fitted isotherm to describe the adsorption process for both CA-CD and MFP, which means it is based on the monolayer chemical adsorption mechanism. The dyes and metal were adsorbed on the surface of the adsorbent material, which is consistent with the assumption of adsorbing pollutants by carboxyl group and β-CD. Compared with other filter materials, the adsorption capacity of MFP is excellent (Liu et al. ) .
The utilization of adsorption active sites for metals were greater than dyes because the small molecule of metal ion could be more easily adsorbed by the CA on the surface of the adsorbent (Zhang et al. ; Zhao et al. ; Huang et al. ) . For instance, the fitting data show that the q m (mg/g) of both materials for Cu(II) was lower than for dyes, which may because the molecular weight of Cu(II) is much smaller than that of dyes. The molecular weights of the three dyes are similar to each other, but the q m of MB and BG was significantly greater than the q m of RB. The molecular structures have greater impact on the adsorption capacity due to the difference in steric effect, because the structures of MB and BG are more suitable for the cavity of β-CD (as shown in Table 1 ) (Zhao et al. ) .
According to the q m of UFP and MFP in Table 2 , MFP showed superior adsorption on pollutants while UFP presented no adsorption capacity. The differences in adsorption performance between UFP and MFP suggested that the modification of MFP was successful, and the CA and β-CD enabled the MFP with an adsorption capacity for the removal of dyes and metal ions. Although the adsorption capacity of the CA-CD particle sorbent was larger than that of MFP, the amount of CA and β-CD only accounted for 20% to 30% of the weight of the MFP. The q m of MFP, however, was close to 60% of the adsorption capacity of the CA-CD particle sorbent. In order to explore the advantages of MFP, isotherm studies of 70% UFP þ30% CA-CD were conducted as a comparison for MFP. The dosage and composition of 70% UFP þ30% CA-CD was set as the same as the MFP, yet the adsorption capacity of MFP was much larger than 70% UFP þ30% CA-CD. And it is interesting to find that the MFP only has about 30% of the functional groups of CA-CD but has nearly the same adsorption capacity for Cu(II). This phenomenon may be due to the aggregation of CA-CD, and the excessive functional groups of CA-CD showed no ability to adsorb the pollutants, yet the CA and β-CD on the MFP exposed to pollutants could be functioned better. In summary, the modification of MFP enhanced the adsorption efficiency of CA-CD significantly.
Kinetic studies of MFP
The results of kinetic studies for MFP towards Cu(II), MB, BG, and RB are shown in Figure 5(a) . The four pollutants reached 80% of the adsorption equilibrium within 20 min, then achieved adsorption equilibrium at about 30 min. The fast adsorption kinetic makes it suitable for industrial applications. The adsorption capacity of Cu(II), MB, BG, and RB on the MFP were also consistent with the results of the adsorption isotherm.
In Figure 5(b) , the pseudo-second-order kinetic model was employed to fit the kinetic data as follows (Ho & McKay ; Tan & Hameed ) :
in which q t and q e (mg/g) are the adsorption capacities of adsorbate at time t and at equilibrium, and k (g mg À1 min À1 ) is the pseudo-second-order rate constant. The high correlation coefficients (R 2 ) of 0.999, 0.993, 0.995 and 0.999 were achieved, which indicated that the pseudo-secondorder model was perfectly appropriate for describing the adsorption behavior of MFP for dyes and metals. The kinetic parameters are summarized in Table 3 . According to the result of the kinetic studies, the process of the four pollutants were controlled by the chemical adsorption. Compared with the Cu(II) and RB, MB and BG exhibited the larger kinetics parameter. This demonstrated that the RB and Cu(II) could be absorbed faster because of the higher diffusion rate.
Flow-through adsorption experiments
In batch experiments, MFP has been proved to possess excellent adsorption efficiency for dyes and metal pollutants. However, static adsorption is difficult to use in the treatment of actual wastewater. In order to obtain basic design data for actual wastewater and exert the intercept ability of MFP, flow-through experiments were carried out.
To confirm the dynamic adsorption capacity of MFP, the breakthrough curve is displayed in Figure 6 . The flow-through model, namely the dose-response model (Yan et al. ) , was employed to fit the experimental data. The parameters are summarized in Table 4 . Dose-response model:
where c t (mg/L) is the effluent concentration of Cu(II), MB, BG, or RB, c 0 (mg/L) is influent concentration of different pollutants, v(mL/min) is the solution velocity, t (min) is the flow time, x is the quality of MFP, q m (mg/g) is the theoretical maximum adsorption capacity of MFP toward different pollutants, and a, b (mL) are the constant of the model. The theoretical dynamic adsorption capacities of MFP toward different pollutants were lower than the batch experiments. In the flow-through adsorption experiments, the funnel was used as the container in order to be close to the actual application. With the high velocity, not every part of MFP could work well in the filtration-adsorption process, but the adsorption efficiency and durability of MFP was obvious. Compared with the static adsorption capacity of some adsorbents (Fan et al. ; Liu et al. ; Zhang et al. ; Zhao et al. ) , the dynamic adsorption capacity of MFP (as shown in Table 4 ) is not low. It is interesting to find that after C t /C 0 reached 0.95, there was no further increase, which could be considered as the interception effect of MFP.
In fact, if just looking at the breakthrough curves in Figure 6 , it was found that the MFP was penetrated very fast. Because it was a single-layer filter paper rather than a packed column, the fast penetration did not mean inefficient removal. In the filtration-adsorption experiments, the MFP, as a membrane, not only could adsorb dyes and metals as an adsorbent, but could also remove suspended solids from industrial dye wastewater at the same time. In order to better verify the MFP removal performance, continuous funnel experiments were carried out.
Filtration-adsorption experiment
The aim of this section was to evaluate the MFP for separating dyes and metal ions in a field application. According to the Chinese National Integrated Wastewater Discharge Standard as the industrial effluent standard, the chroma of the dye was the important indicator. And the concentrations of heavy metals in real wastewater are much lower than those of dyes, although they often coexist in dyeing wastewater (Saruchi et al. ) . For better application in real wastewater treatment, MFP should be used to treat quantitative wastewater under a high flow rate and high concentration of wastewater.
A continuous filtration-adsorption system was designed as shown in Figure 7 . 100 mg/L of the three dye pollutants and 10 mg/L Cu(II) were treated through the MFP. It can be clearly seen that the removal efficiency of the MFP towards the four pollutants is significant; after three filter papers' filtration, the chroma of the dyes and the concentration of the metal samples dropped markedly. The flowthrough experiment results shown in Figure 7 indicated that the pollutant concentration was drastically reduced after each filtration-adsorption process. The effluents that flowed through the continuous filtration-adsorption system all achieved the Chinese National Standard. The continuous filtration-adsorption system could be easily set up. According to the removal performance of MFP for the high concentration pollutants, it could be proved that MFP have a superior adsorption efficiency. As the cellulose film itself, despite the moderate adsorption capacity, the rapid flow rate and short residence time makes it competitive to most particle sorbents. In addition, compared with most membrane materials, the synthesis process of MFP was simpler and the raw materials were cheaper. With the continuous filtration-adsorption system, high-concentration waste water could be treated to achieve the sewage discharge standard.
CONCLUSIONS
In this study, the β-CD and CA were grafted on filter paper to obtain the MFP. The morphology and composition of MFP was characterized by the SEM and FT-IR, respectively. Three cationic dyes (MB, BG and RB) and Cu(II) were chosen to be targeted contaminants to investigate the adsorption capacity of the MFP. The processes of static adsorption obeyed the pseudo-second-order kinetic model, suggesting the removal processes were dominated by chemical adsorption. After the modification, the adsorption capacity of the filter paper was significantly enhanced compared with the UFP. The maximum adsorption capacity modelled by Langmuir isotherm was 39.1 mg/g for Cu(II), 124.6 mg/g for MB, 130.4 mg/g for BG and 99.7 mg/g for RB. Compared with CA-CD granular materials with the same amount of β-CD and CA, the calculated maximum adsorption capacity of MFP was nearly three times greater. In a continuous filtration-adsorption system, the chromaticity and heavy metal ion concentration of wastewater treated by MFP meets the National Integrated Wastewater Discharge Standard. This could be attributed to the excellent adsorption capacity and retention capacity of the MFP. All of these properties make the MFP serve as a promising material with high adsorption and interception capacity. The low cost, simple synthesis procedures and convenient system in this research enabled the MFP to promise further for the application of practical wastewater treatment. the Discharge standards of water pollutants for dyeing and finishing of textile industry for dyes, b is the Discharge standards of water pollutants for dyeing and finishing of textile industry for metals. m MFP ¼ 0.75-0.80 g, pH ¼ 5.5-6.0, v ¼ 20 mL/min.
